Nucleic acids (NAs) have been considered as promising therapeutic agents for various types of diseases. However, their clinical applications still face many limitations due to their charge, high molecular weight, instability in biological environment and low levels of transfection. To overcome these drawbacks, therapeutic NAs should be carried in a stable nanocarrier, which can be viral or non-viral vectors, and released at specific target site. Various controllable gene release strategies are currently being evaluated with interesting results. Endogenous stimuliresponsive systems, for example pH-, redox reaction-, enzymatic-triggered approaches have been widely studied based on the physiological differences between pathological and normal tissues. Meanwhile, exogenous triggered release strategies require the use of externally non-invasive physical triggering signals such as light, heat, magnetic field and ultrasound. Compared to internal triggered strategies, external triggered gene release is time and site specifically controllable through active management of outside stimuli. The signal induces changes in the stability of the delivery system or some specific reactions which lead to endosomal escape and/ or gene release. In the present review, the mechanisms and examples of exogenous triggered gene release approaches are detailed. Challenges and perspectives of such gene delivery systems are also discussed.
NAs have achieved amazing progress in the past few decades. In medicine, NAs are considered as promising therapeutic agents for various types of diseases, from hereditary diseases to acquired diseases such as cancer, degenerative disorders and AIDS. Therapeutic NAs can be categorized into DNA therapeutics (antisense oligonucleotides, DNA aptamers and gene therapy) and RNA therapeutics (micro RNAs (miRNA), short interfering RNAs (siRNA), ribozymes, RNA decoys and circular RNAs) [1] . Since the first successful and accepted nuclear gene transfer in humans in May 1989 , a lot of nucleic acid-based treatments have been fabricated and taken into clinical trials [2] . In 2012, Glybera®, an adeno-associated viral vector engineered to express lipoprotein lipase for the treatment of lipoprotein lipase deficiency, was approved as the first gene therapy treatment for sale in the European Union [3] . Until 2016, there are approximately 2600 gene therapies clinical trials [2] and about 20 clinical trials using miRNA and siRNA-based therapies [4] . Moreover, in 2016, the first ex-vivo stem cell gene therapy, Strimvelis™, was accepted in Europe for Severe Combined ImmunoDeficiency due to Adenosine DeAminase deficiency treatment [5] .
Efficient cell delivery of NAs is hampered by their charge, high molecular weight and instability in biological environment. Many strategies have been proposed to obtain effective gene delivery to targeted cells [5] . An effective gene delivery system should have the following properties: (i) be able to carry and to protect the therapeutic genes; (ii) accumulate at targeted tissues, and (iii) release the entrapped payload at the targeted tissue. There are two kinds of vector for gene delivery: viral and non-viral vectors. Viral vectors are outstanding candidates for gene delivery due to their high transfection efficiency and ability to incorporate the delivered gene into the host genome [6] . Although serious side-effects of viral vectors leading to patient death and lymphoproliferative disorder were encountered [7] , after numerous modifications and innovations, many viral vectors with improved efficiency, specificity and safety have been developed and transferred into clinical trials. Today, viral vectors are used in approximately two thirds of gene therapy trials performed [2] . However, there are still some drawbacks in the use of viral vectors such as: the complexity and high cost of production, and the limited size of transgene inserted in viral vectors [8] . Meanwhile, non-viral vectors are highly interesting delivery systems due to their large versatility: they can be composed of organic materials (for example: polymers, liposomes, peptides…), carbon nanotubes, or inorganic nanoparticles (such as gold NPs, magnetic NPs (MNPs)…) [6] . They can be designed to transfer different and large transgenes [8] .
After administration, non-viral vectors are usually uptaken by the cells through endosomal pathway. Because of harsh environment inside endosome (low pH, digestive enzymes), NAs risk to be degraded before reaching their site of action. Endosomal escape and triggered release of the entrapped gene at the target site, therefore, are important requirements for an effective NA-based treatment. For that reason, stimuli-responsive gene delivery systems are under evaluation. Stimuli-responsive vectors should hold off the release function while they are in the blood stream and release entrapped genes inside the cells under exposure to stimuli source which can be internal or external triggers. Internal triggers are based on abnormalities of pathological area such as different pH, redox potential, temperature and over expression of some molecules like enzymes. For instance, in breast and pancreatic cancers, there is a significant increase in the expression of phospholipase A2, or in inflammatory area, there are some soluble extracellular enzymes such as lysozyme, cathepsins and matrix metalloproteinases [9] . A metalloproteinase 2 responsive block copolymer composed of poly(ethylene glycol) (PEG), matrix metalloproteinase 2 (MMP-2)-degradable peptide PLG*LAG, cationic cell penetrating peptide polyarginine r 9 and poly(ε-caprolactone) (PCL) was employed for siRNA against polo-lie kinase 1 (Plk1) delivery. The micelle carrying siRNA showed enhanced gene silencing and tumor growth inhibition. About 49% of cells treated with metalloproteinase responsive siRNA delivery system underwent apoptosis while cells treated with unresponsive system presented only about 24% of death. Furthermore, Plk1 mRNA levels was significantly lower in mice treated with responsive system compared to that with unresponsive system (p b 0.005) [10] . Beside, due to hypoxia, pH may drop to around 6 in the tumor area [11] or inflammation tissues [12] . Taking advantage of this difference, Du et al. designed nanomicelle system based on poly(ethylene glycol)-co-poly[(2, 4, 6-trimethoxybenzylidene-1, 1, 1-tris(hydroxymethyl)] ethane methacrylate-co-poly(dimethylamino glycidyl methacrylate) PEG-PTTMA-P(GMA-S-DMA) (PTMS) for pH responsive siRNA release strategy. In acidic environment, PTTMA polymers undergoes hydrophobic-to-hydrophilic transition leading to the disassembly of the nanomicelle and therefore the siRNA release. Results from in vitro experiments showed that in cells treated with PTMS nanomicelle-based siRNA delivery system there was a highly efficient gene silencing of about 90%, which was even better than that with Lipofectamine 2000. This result was also confirmed through in vivo studies: in mice group treated with PTMS/siRNA complex, tumor growth was significantly inhibited and about 45% gene knockdown efficacy was observed. This enhancing gene silencing effect was attributed to the enhanced siRNA endosomal release [13] . In addition, in cancer cells, the level of glutathione is found to be 100-fold higher than the normal ranges [14] . Glutathione, therefore, can be used as a trigger for stimulus NA release. For example, a DNA delivery nanocarrier called Pluronic-PEI-SS synthesized by conjugating reducible disulfide-linked PEI (PEI-SS) with Pluronic was fabricated. The disulfide link is broken under the action of glutathione. The Pluronic-PEI-SS system showed the highest DNA transfection efficacy into cells of about 4, 3 and 13 times higher than that of Pluronic-PEI, PEI-SS and PEI systems, respectively. Moreover, in vivo experiment, the Pluronic-PEI-SS nanocarrier also exhibited a significantly higher transfection efficacy than the PEI/ DNA [15] . Numerous other efforts have been carried out to prompt the release of entrapped gene by internal triggers with promising results and have been recently summarized in many reviews [12, 14, 16] .
However, triggered gene release by intrinsic physical and biological factors faces many limitations. The environment of the disease site is heterogeneous and strongly depends on patient's conditions such as illness or diet, therefore the effects are not easy to predict. In addition, after administration, it is impossible to control or modify the action of the gene delivery systems. Compared to endogenous triggers, exogenous triggered gene release is time and site specifically controllable through active management of external stimuli. Non-invasive external signal like light, heat, magnetic field or ultrasound is applied to the target site from an outside source. The signal induces changes in the stability of the delivery system or some specific reactions which lead to endosomal escape and gene release.
In this review, we will go into details of some external trigger strategies for gene delivery, including ultrasound, magnetic field, light and temperature. In each strategy, mechanism of action and examples are covered. Furthermore, challenges and perspectives of these kinds of smart-gene delivery systems are also discussed.
Ultrasound triggered release
Ultrasound can be defined as pressure waves through a medium, these ultrasonic signals can be reflected, deviated and absorbed according to the environment [17] . More specifically, it generates three main effects, hyperthermia, acoustic pressure and cavitation ( Fig. 1) leading to molecules motion as the medium is compressed and decompressed throughout the experimentation.
Consequently, ultrasound fosters blood vessels permeability and cellular uptake of drugs, as it leads to mechanical flows and physical forces carrying nanometer drugs through the blood vessel wall. [18] . Hyperthermia is related to a temperature above 37.5°C, it is one of the most reported effect in drug delivery as numerous NPs are thermosensitive. However, for NA triggered delivery systems, cavitation and acoustic pressure are preferred to release NA from nanocarriers as hyperthermia could damage the loaded NA and change its physical and biological properties [19] . Three ranges of mediated temperature in human body can be defined, normothermia, mild hyperthermia and strong hyperthermia. Mild hyperthermia is often desired, as it increases blood vessel pressure promoting drug retention at the targeted tumor site without irreversibly damaging healthy tissues. At temperature above 43°C, hyperthermia induces cells necrosis by denaturation of cellular molecules, particularly proteins [20] . However, the thermal dose used to induce hyperthermic cell mortality changes up to factor 10 among different cell types [19] , hence ultrasound must be calibrated according to the specific environment to avoid cell toxicity. Cavitation refers to the oscillation of gas microbubbles in a medium exposed to ultrasound waves. If the ultrasound oscillations are stable, the cavitation is called stable and the probability of microbubbles explosion is low. As the ultrasound signal turns non-inertial, the oscillations become stronger and the microbubbles are upset to explosion, resulting in mechanical forces on the surrounding tissues, enhancing drug extravasation through membranes cells [21] . Acoustic pressure is related to ultrasonic beams creating flows that push NPs towards cells fostering rate of drug transport and drug uptake. A linear flow is expected at low acoustic pressure level and a nonlinear flow at high acoustic pressure level [22] . Hyperthermia, cavitation and acoustic pressure are controlled by two mains parameters, i.e. frequency and intensity.
Commonly, ultrasound frequency for gene delivery ranges from 0.01 to 2 MHz and from 0.1 to 3 W/cm 2 regarding intensity. Low ultrasound frequencies are expected as it provides deeper tissues penetration without damaging organs. Whether ultrasounds are applied continuously, hyperthermia could appear, therefore discontinuous low-ultrasound are privileged to release NAs without injuring surrounding tissues [23] . Also, the frequency of ultrasounds must be set according to the addition of microbubbles in vivo to enhance drug targeting, hence ultrasound frequencies should be in agreement with the type of microbubbles and the nature of tissues [24] . The synergistic combination of ultrasound and microbubbles produces microstreams, radiation forces, and extreme stresses on cells membranes as cavitation effect is amplified by the presence of microbubbles that will be destroyed near to the epithelia cells resulting in a provisional tight junction disturbance and therefore a better permeability [25] . Plasmid DNAs carrying luciferase, β-galactosidase and enhanced green fluorescent protein (EGFP) reporter genes were mixed with BR14 microbubbles and injected into the C57BL/6 mice heart while exposed to ultrasound. The authors showed that sonoporation-mediated pDNA transfer to murine heart is greatly enhanced by the use of BR14 (1330 ± 310 Relative Light Units/mg protein/10 s) compared to Optison microbubbles where some mice died after the injection. It was probably explained by the size of BR14 microbubbles (3 μm) that is smaller than Optison microbubbles (4.5 μm) [26] . Other recent advancements in the synergic combination of ultrasound and microbubbles for drug delivery have shown that this approach can enhance gene targeted-delivery to tissues while decreasing dose and systemic toxicity. T. , 60 s exposure). Ultrasound at moderate power combined with Optison, also enhanced transfection efficiency of plasmid DNA up to 300-fold over naked DNA in mice, in addition to the reduction of muscle damages [29] . Using positively charged lipid-based microbubbles and miniplasmid devoid of antibiotic resistance, Manta et al. showed a sustained expression of luciferase in the liver after a single systemic injection under ultrasound (1 MHz, 40% duty cycle, pulse repetition frequency 10 kHz) [30] . However, other researches clearly proved that combined low-ultrasound microbubbles without payload can harmed cells and even be used as a treatment approach to cure diseases. S. Yang et al. investigated this treatment effects on benign prostatic hyperplasia and observed serious tissues injury and cell apoptosis at only 21 kHz with combined ultrasound microbubbles compared to ultrasound and microbubbles separately [31] . In addition, preventive measures should be taken into consideration when correlating in vitro ultrasound parameters to in vivo conditions. Indeed, as mechanisms of interaction with cells in vitro are different from in vivo environment which presents solid tissues, therefore ultrasound calibration for both in vitro and in vivo studies are required to optimize the parameters [32] . Tables 1 and 2 obtained from C.R Mayer et al. data [33] , show an overview of gene delivery systems with low frequency-intensity ultrasound applied to several biological models.
Magnetically triggered release
Magnetic field is considered as one of the best triggering strategies for an externally responsive drug/gene release from drug delivery systems. Contrary to light which meets limitation of non-invasive application for deep tissue, magnetic fields are able to deeply penetrate into the whole body. The penetration depth depends on wavelength and decreases by increasing the frequency. It drops from 17 cm at 85 MHz to 7 cm at 220 MHz [65] . On the other hand, magnetic field seems to be safer thanks to less interaction with biological tissues compared to other strategies such as light, ultrasound or electrical field.
Magnetic field was used the first time as a stimuli trigger from drug delivery system by Hsieh et al. In this work, a magnetic sustainedrelease system was prepared by embedding 1.4 mm-diameter size magnetic steel beads in the polymer along with the drug. Without magnetic field, drug was gradually released from the system. Interestingly, the system released up to 100% more drug when activated by an oscillating external bar magnet than when the magnetic field was discontinued [66] . However, use of big magnetic particles causes significant heating of surrounding tissue which can lead to clotting of the vasculature. Therefore, MNPs have been employed to overpass this limitation. In a magnetic stimuli system, MNPs, which are encapsulated in or conjugated with the carriers, act as a remote control modality. When exposed to an external magnetic field, therapeutic gene can be released from the systems through thermal or non-thermal effects depending on the type of magnetic field. Some works on the magnetically triggered release of NA are overviewed in Table 3 . 
Gene triggered release by non-thermal effects
Entrapped gene can be triggered release from magnetic responsive vehicles through non-thermal effect when exposed to low frequency or static fields. This application was developed based on the motion of MNPs under magnetic field causing mechanical deformation of the carriers which leads to the release of the loaded NAs [74, 75] . Alginate, a natural polysaccharide, has been used for a long time in various biomedical applications especially in drug delivery systems. In 2010, Zhao et al. worked on an alginate ferrogel with adipic acid dihydrazide as covalent cross-linkers. These macroporous gel presented a hierarchical structure with 10 nm Fe 3 O 4 NPs coated with pluronic F127 homogeneously distributed inside. The body force on MNPs caused by magnetic field gradient led to the motion of the particles and consequently the collapse of the pores in the gel visualized by the large and prompt deformation of the gel. When the pores collapsed, they generated a force on water in the pores to flow out of the gel strong enough to trigger the release of entrapped pDNA. In fact, a significant increase in the release of entrapped pDNA was obtained when magnetic field was applied compared to un-treated samples. Nevertheless, there was only b8% of encapsulated DNA released after 4 cycles of magnetic stimulation. One reason for this low DNA release can be the ionic interaction between carbonyl groups of alginate and amine groups of PEI used to condense pDNA before being entrapped into the gels. Therefore, further experiments should be performed to carry out the best conditions for the capture and release of DNA in ferrogels [67] .
With the ability to move under magnetic field, MNPs can also be used as switchers for the release of substrates through the pores of porous carriers. In the work of Cai et al., polymeric multi-reservoir devices based on poly(D,L-lactic acid) as the biodegradable substrate and porous polycarbonate as the sealing membrane were developed. 196.1 nm-Fe 3 O 4 NPs and DNA were loaded in the reservoirs. In this device, MNPs acted as a switcher which opened or closed the pores of the membrane, leading to switching on or off the release of entrapped DNA. Results showed that the release of DNA from the device have reversible pulsatile profile when alternatively exposing to a magnetic field for on/ off state: only 4.5-4.6% of DNA released when apply magnetic field, compared to about 80-100% without magnetic field or with small amount of MNPs. Further studies on the controlled DNA release properties from this kind of devices should be performed on choosing size and concentration of the NPs and the magnetic field density and strength [68] .
Gene triggered release by thermal effects
The heating effect of magnetic particles in an alternating magnetic field (AMF) is mainly due to hysteresis losses or relaxational losses. For magnetic particles with diameters of about 10 nm, the critical mechanism is the relaxation losses which are divided in two kinds: (i) Neel losses due to reorientation of the magnetic moment in a particle; and (ii) Brownian losses due to reorientation of the magnetic particle itself in the fluid. These mechanisms are both characterized by relaxation times which depend on particle and magnetic field properties [76] . It is illustrated that the heating potential and mechanism for energy deposition of MNPs in an AMF depend on the conditions of the applied AMF and the properties and concentration of the particles in the tissue [77] . Within a certain range, the heating potential can be improved by increasing the magnetic field strength and frequency. However, there is a limitation for the applied AMF, which above a certain level, can cause non-specific heating due to eddy currents in tissue. Therefore, guidelines for limiting exposure to magnetic and electromagnetic fields were published by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) for a safe use of electromagnetic field. These guidelines were developed on the basis of laboratory studies of cellular, tissue, and animal systems exposed to electromagnetic fields in the frequency range of 100 kHz-300 GHz. They are applied for magnetic resonance imaging (MRI) but they can be translated into estimates of maximum allowable magnetic field amplitude and frequency product. According to them, the maximum magnetic field amplitude and frequency product to avoid damage to skin should be 8. A/(m.s) at 200 kHz [77] . Efficiency of magnetically responsive gene delivery system also depends on the development of thermoresponsive carriers which can be polymers, liposomes, dendrimers… MNPs are encapsulated in or decorated with cationic moieties which can easily make complexes with negatively charged DNA/RNA backbone. Magnetic field is then applied to remotely trigger the release of NA from the system (Fig. 2) .
Thermoresponsive polymer based systems are one of the most well studied smart carriers for stimuli-responsive gene delivery system. These materials contain thermoresponsive units which exhibit phase transition at a specific temperature called lower critical solution temperature (LCST) [78] . Below this temperature, hydrogen bonds between hydrophilic parts and water molecules make them soluble in water. When the temperature is higher than LCST, due to the strengthening of the interaction between hydrophobic parts, the polymer will contract and be insoluble in water leading to the release of the entrapped gene. Magneto-sensitive gel based on N-isopropylacrylamide (NIPAAm) and acrylamide (AAm) containing MNPs was studied as a promising candidate [69] . This gel had LCST slightly above the body temperature (about 40°C). In this work, hydrogels were constructed of two layers of poly(NIPAAm-co-AAm) with N,N′-methylenebisacrylamide as a cross-linker. 80 nm diameter-polyethylene glycol coated MNPs were added to the monomer solution before gelation. The results showed that almost all the siRNA was retained in the non-irradiated magnetite hydrogel while approximately 80% of the encapsulated siRNA was released 7 min after magnetic field application. Moreover, once the irradiation was stopped, siRNA was slowly released from the system by diffusion. When the magnetic field was applied again, the hydrogel started to collapse and rapidly release the encapsulated siRNA.
Many polymeric micro/nanoparticles such as polymeric micelles, polymersomes and nanocapsules also exhibit potential thermoresponsive properties for magnetic triggered applications [79] [80] [81] . Using double emulsion approach, Hu et al. prepared well dispersed and uniform nanocapsules of about 260 nm based on copolymer poly(styrene-blockallyl alcohol). pDNA was entrapped inside the water core of the nanocapsules with high efficiency. Meanwhile, oleic coated MNPs were trapped between the two copolymer layers. Without magnetic field, these systems showed a sustained drug release profile with only 7-25% of the encapsulated pDNA released after 2 days. A significant boost in the DNA release was obtained when high-frequency magnetic fields was applied, and the higher the magnetic field strength, the more DNA released. However, the effect on the nanocapsule structure depended on the magnetic strength. At lower magnetic strength (0.8 or 1.2 kA/m) the thermal effect did not influence the structure which meant that there was no DNA released after stopping the magnetic field. In opposite, when the field strength was set up at 2 kA/m, heat from MNPs led to permanent damages in the hydrophobic shell of the nanocapsules inducing a continuous release of DNA even in absence of magnetic field applied [70] .
Another type of thermoresponsive carrier are thermosensitive liposomes, which are heat-trigger-based liposomes. In fact, all liposomes are inherently thermosensitive. All phospholipids are defined by their gel phase to fluid phase transition temperature (Tm). To be effective for drug or gene delivery, liposomes should be designed to have a Tm slightly above 37°C. After the liposomes are targeted at the tumor site, local mild hyperthermia is applied to release the therapeutic agent. Yang et al. performed a study on thermal and magnetic dual-responsive liposomes composed of DPPC:MSPC: DSPE-PEG 2000 encapsulating siRNA-CPPs and Fe 3 O 4 MNPs. For higher translocation efficiency, cell-penetrating peptides (CPPs) were conjugated to siRNA before being encapsulated in the liposomes. The role of MNPs in this system was both liposome targeting agent and heating source. The siRNA-CPPs encapsulated liposomes had size of about 90 nm and encapsulation efficiency of approximately 87%. From in vitro experiments, they found that when activating the liposomes by AMF, higher cellular uptake efficiency, stronger cellular distribution, increased gene-silencing and apoptosis were obtained as compared to unactivated system. These results were also confirmed by in vivo studies where the most intense tumor distribution of siRNA and the best antitumor effect were found in mice treated with siRNA-CPPs magnetic liposomes exposed to AMF. These results suggest that this system can be potential for selective and efficient delivery of siRNA in cancer treatment [71] .
Recently, NA conjugated on surface of inorganic NPs have been widely developed for triggered release purpose [82, 83] . Liu et al. performed a novel strategy for remote-controlled release of DNA using AMF. In their work, 6-carboxyfluorescein-labeled diblock DNA were decorated on the surface of 70 nm-Fe 3 O 4 @Au NPs via the gold/adenine affinity. The latter was easily broken to release DNA because of heat released from MNPs when exposing to AMF. Under the magnetic field of 20-25 kHz, 800 W in 30 min, about 60-70% of associated DNA was released from the system. Until 800 W, the increase in the power of AMF led to a faster DNA release. However, this trend no longer existed when the power was increased from 800 to 1500 W. The magnetically responsive release behavior was still maintained in living cells [73] .
NA can be remotely triggered from gene delivery system not only by breaking thermal responsive linker but also through dehybridization of the duplexes under stimuli of external agents like laser or magnetic field. With such strategy, Derfus et al. used superparamagnetic NPs as transducers to convert external electromagnetic energy at 400 Hz into heat to dehybridize complement NA strands. In this system, single DNA strands were covalently attached to the surface of NPs using 4-(N-Maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-Nhydroxysuccinimide ester sodium salt as the crosslinker, then the complement dye-labeled DNA strand was added and formed duplex through specific hydrogen bond (Watson-Crick interaction). Fluorescent DNA was released rapidly due to heat-induced dehybridization of the duplexes after being exposed to an AMF of 400 kHz, 1.25 kW for 5 min. When the field stopped, the fluorescence decreased due to the re-hybridization of the complement DNA strand. Interestingly, they found that the release property was also dependent on NA chain length and guanine-cytosine content. This renders possible the controlled release of multiple drug in the same system. In vivo study presented a significant growth in penetration depth of the fluorescent DNA into surrounding tissue under magnetic field application. Moreover, the distribution of MNPs was obtained by MRI. Based on all of these evidences, this kind of MNP-DNA conjugate can be a potential candidate for simultaneous diagnosis and remotely triggered release of therapeutic gene [72] .
Beyond the application in cancer treatment and remotely triggered release, it has been pointed out that hyperthermia also has effects on the immune response due to enhancing antigen presentation, therefore increasing the activity of dendritic cells [84] . Moreover, it can also increase the recruitment of lymphocyte into tumor, make cancer cells more sensitive to lysis by NK or CD8+ cells [85] . Toraya-Brown et al. demonstrated that local hyperthermia treatment using iron oxide NPs and AMF induced CD8+ T cell -mediated resistance against distal and secondary tumors [86] . Taking advantage of various effect of MNPs, it could be promising to fabricate a multi-functional cancer treatment based on MNPs: target the system at tumor site, trigger release of entrapped gene and simultaneously induce hyperthermia under applying an AMF, and boost innate immunity.
Light triggered release
Photo-responsive release is a very popular on-demand gene release strategy thanks to its non-invasive property and ability to precisely control with regard to location, dose and time at which therapeutic genes are released.
Light spectrum used to trigger gene release ranges from ultraviolet (UV) (10-400 nm) to near infrared (NIR) regions (650-900 nm). Nevertheless, UV irradiation is more cytotoxic than other regions and can be absorbed by endogenous chromophores (such as hemoglobin, lipids and water) which prevent UV irradiation from penetrating into deep body tissue. On the other hand, NIR has excellent tissue penetration up to 10 cm and is more compatible with cells than UV and visible light [87] .
Various nanocarriers have been studied for light-stimuli gene delivery, for example: polymeric NPs, cationic liposome, dendrimer, gold NPs… Besides, there are many approaches during the development of light-mediated gene delivery. They can be divided into three main categories: photochemical, photoisomerization, and photothermal triggers [88] (Fig. 3) . Summary of works on light-triggered release of NA is proposed in Table 4 .
Photochemical
Following this approach, genes are remotely triggered from gene delivery system when the covalent bonds which link genes and carriers are disrupted by light irradiation. Some common photoresponsive moieties such as: o-nitrobenzyl, coumarin-and pyrene-derivatives can be taken into account [108] [109] [110] . For example, 2-nitrobenzyl ester bond was used as a photolabile bridge to link a hydrophobic tail and a cationic head of an amphiphile which self-assembled into NPs. With a cationic shell, these NPs could make complexes with NA such as siRNA through electrostatic interactions. The loaded siRNA was controllably released from the system by applying an UV irradiation. Energy from UV light broke the ester bonds, therefore, leading to the degradation of the NPs of about 72% after 300 s of UV irradiation. Moreover, up to 50% of gene silencing effect was obtained after treating cells with the photosensitive NPs and UV irradiation. This value was significantly higher than that of the treated group without UV exposure (15%) [111] . In another work, UV light responsive 1-(2-nitrophenyl) ethanol (NPE) was used to prepare stimuli-responsive cationic lipids. These lipids selfassembled into cationic liposomes which could make complexes with either DNA or siRNA. Under UV irradiation, the NPE protecting groups were cleaved to release carboxylate groups at the end of hydrophobic chain of lipids. As a result, the lipids were switched from cationic to neutral or negative charge which destabilizes the complexes resulting in NA release [90] .
After reaching the target tissues, gene delivery systems are uptaken by the cells via endocytosis or other pathways (for example membrane fusion). In endocytic pathways, gene delivery systems are accumulated in the early endosomes (pH 6.3) and then the late endosomes (pH 5.5) before entering the lysosomes (pH 4.7) [112] . In this pathway, the therapeutic genes are at high risk of degradation instead of being transported to their site of action. Therefore, the entrapped gene must successfully escape from endosomes without degradation. Photoresponsive carriers are employed for this purpose through photochemical disruption of the endo/lysosomal membrane, termed photochemical internalization [93] . By conjugating a reactive oxygen species (ROS)-responsive linker with a photosensitizer, Yuan et al. observed a concurrent light-induced endo/lysosomal escape and DNA unpacking upon light irradiation. This design could be an effective tool for efficient gene delivery [94] .
However, due to the drawbacks of UV light on live tissues, recently, NIR light has been employed in many photo-triggered release strategies thanks to its deeper penetration capacity and its lower damages to living cells. In this strategy upconversion NPs (UCNPs, which are usually composed of lanthanide-or actinide-doped transition metals) has been used. UCNPs absorb two or more low energy photons (usually NIR) and convert them into a photon at higher energy (UV to visible region) [113] . Yang et al. developed complexes between siRNA and synthesized Si-UCNPs functionalized by cationic photosensitive o-nitrobenzyl linkers. These linkers were cleaved by the upconverted UV light emitted from UCNPs upon 980 nm laser irradiation leading to significant siRNA release from the complexes. Gene silencing efficacy was also increased considerably in cells treated with si-UCNPs-siRNA followed by 2 h NIR light irradiation compared to the ones without light exposure [91] . Similarly, lanthanide-doped UCNPs coated with mesopourous silica were used to load siRNA and photosensitizer hypocrellin A (HA), and the obtained complexes were wrapped by polyethylene glycol (PEG) membrane through o-nitrobenzyl photocleavable linkers. When exposing to 980 nm irradiation, the UCNPs emit UV light which broke photocleavable linkers and blue emissions which activated HA to generate ROS. Therefore, by combining two photosensitive moieties, the on-demand siRNA release and endosomal escape could be achieved at the same time. This combination led to a significant enhancement in gene silencing and gene therapeutic efficacy [92] .
NIR irradiation can also be used as a stimuli for endosomal escape. To accomplish this goal, photosensitizers have been developed. They can interact with endosomal membrane or produce ROS which destabilize endosomal membrane after exposing to NIR light. Park et al. prepared a photo-activatable ternary complex (PTC) consisting of multifunctional shielding material with photosensitizer-conjugated chondroitin sulfate and PEI based binary complexes containing epidermal growth factor receptor (EGFR)-shRNA delivery for CD44 targeted cancer therapy. Here, pheophorbide-a was used as a photosensitizer which disrupted the endosomal membrane by inducing ROS. The transfection efficiency of PTCs upon NIR irradiation was much higher than the one without light treatment. In addition, the authors found that when the laser irradiation power was above 0.5 J.cm 2 , the higher the laser power, the lower the transfection efficiency. Furthermore, more shRNA diffusion and endosomal disruption were achieved after treating cells with the complexes and NIR light. As a result, there was an enhanced genesilencing and toxic effect to cancer cells and significant tumor growth inhibition in complexes and laser treated groups [95] . (1) In photochemical approach, nucleic acids (NAs) interact with cationic moieties which are covalently connected to the vectors through photocleavable linkers. Upon light irradiation these links are broken leading to the release of NAs. These vesicles can also contain photosensitizers which generate reactive oxygen species upon exposing to light irradiation to disrupt endosome membrane. (2) In photothermal approach, NAs are covalently decorated onto photothermal agents (such as gold nanoparticles) through thermosensitive linkers. When light is applied, heat generated from the photothermal agents breaks the links or dehybridized the double strand NAs, resulting in the NAs release. (3) In photoisomerization approach, NAs are loaded into carriers containing materials which undergo a molecular structure change between isomers due to photoexcitation. The changes between isomers cause destabilization of the carriers to boost the release of NAs. AA: aminoacrylate; DNA: Deoxyribonucleic acid; EGFR: epidermal growth factor receptor; MSM: multifunctional shielding material; NIR: near-infrared; NPs: nanoparticles; OEI: oligoethylenimine; PAsp(DET): poly(aspartamide) derivative with a 1,2-diaminoethane moiety; pDNA: plasmid deoxyribonucleic acid; PEG: polyethylene glycol; PEI-Chol: poly (ethylenimine)-cholesterol; PLys: poly(L-lysine); PS: photosensitizer; ROS: reactive oxygen species; shRNA: short hairpin ribonucleic acid; siRNA: Small interfering ribonucleic acid; TPECM: 2-(1-(4-(1,2,2-triphenylvinyl)phenyl)ethylidene)malononitrile; UCNPs: upconversion NPs; UV: ultraviolet.
Photothermal
In contrast to photochemical triggered release, in photothermal triggers, genes are released from gene delivery systems not directly by light irradiation but by the heat generated from photothermal agents upon light irradiation. A photothermally triggered gene delivery system is composed of two main parts: a chromophore (photothermal agent) which can convert light energy into thermal energy and thermoresponsive materials that exhibit changes upon temperature variations.
As mentioned in Part 3, thermoresponsive materials can be polymer, liposome, inorganic NPs… Besides, the most popular photothermal agents used in photothermally triggered gene delivery are gold NPs thanks to its manageable optical and photothermal properties depending on their size and shape. There are some common shapes of gold NPs: spheres, shells, hollow spheres and rods. Hollow nanospheres and nanoshells can convert light at different wavelengths ranging from visible to NIR by adjusting their size [114] . Meanwhile, nanorods seem to be more selective and effective than nanoshells [115] , and nanorods can be reshaped into nanospheres upon exposure to laser [116, 117] .
An effective drug/gene delivery system for cancer treatment must be stable in the circulation, accumulate at site of action, and be selectively uptaken by tumor cells. Stealth NPs based on PEGylation are very popular for their long circulation time. However, the PEG layer on the surface of the NPs hinders the uptake of the NPs by cancer cells. For this reason, sheddable PEG coronas, which can change the surface state due to endogenous or exogenous stimuli have been employed. Zhang et al. performed smart gene delivery systems which are stealth, specifically uptaken by cancer cells and photo-responsive by combining many components in a particle. These smart nanocarriers were constructed with photoresponsive DNA Y-motifs as scaffolds to carry both Doxorubicin and siRNA, gold nanorods as a photothermal agent and temperature sensitive polymers whose surfaces could be switched between PEG and RGD (a tumor cell-targeting peptide) states via photothermal conversion. After accumulating at tumor tissue through enhanced permeability and retention effect, the systems were heated to 39°C by the gold nanorods under mild NIR irradiation, resulted in the collapse of PEG coronas and therefore the exposure of RGD. After internalization, the NIR laser power was increased leading to an increase of temperature and consequently the switch from RGD-to Y-motif-surface state, when the loaded Doxorubicin and siRNA were released. This design is a promising tool for gene therapy [96] .
NA is usually coated on the surface of gold NPs through Au-S link. For photothermally triggered strategy, this link is cleaved by either heat release from the NPs or hot electron interaction with the ligand [97, 118] . Different from gold nanoshells, gold nanorods have a very interesting property that is shape transformation upon NIR irradiation. Taking advantage of this property, Chen et al. prepared conjugates between EGFP -a plasmid DNA, and gold nanorods through Au-S bond. Energy of the laser transforms a single nanorod into nearly spherical NPs. When treating cells with EGFP-gold nanorod conjugates, GFP expression was observed only in cells exposed to NIR irradiation [118] . Moreover, by using two different gold nanorods with different longitudinal surface plasmon resonance (SPR long ), Wijaya et al. obtained selective release of two distinct DNA strands from two different nanorods depending on laser wavelength [99] .
Beside Au-S bond cleavage, another possible mechanism is thermal dehybridization of double-stranded NA. When exposing to NIR irradiation, the temperature of the gold NPs increases. When the temperature reaches the melting temperature of the double-stranded oligonucleotides, the antisense oligonucleotides are released [100, 101] . In photoinduced dehybridization process, nonthermal mechanism can give some contribution. Due to laser irradiation, hot electrons from the NPs surface are transferred to the DNA, leading to the increase in the electrostatic repulsion between two DNA strands and therefore the dehybridization of the DNA [102] . In fact, there are many studies indicating that both Au-S bond cleavage and dehybridization contributed to the release of NA from the conjugation [103, 104, 118] .
CRISPR/Cas9 system is a very powerful gene editing technology [119] . However, due to its large size, in vivo delivery of CRISPR/Cas9 system has been challenging. As a solution, plasmid encoding Cas9/sgRNA has been developed. Thermal responsive system can be a promising tool for effectively delivery of Cas9/sgRNA plasmid. Wang et al. designed complexes between Cas9-sgPlk-1 plasmids and Tat-AuNPs, then coated the complexes by lipids and PEG2000-DSPE. When exposed to 514 nm laser irradiation, the NPs acted as localized heat sources for pDNA release from the complexes. Photo-triggered DNA release led to significant enhancement in both gene knock-out and tumor inhibition compared to the non-irradiated group [105] .
Recently, carbon nanotubes exhibited many unique properties which give much potential for development of novel gene delivery. Single-walled carbon nanotubes (SWNTs) can be wrapped with a cationic layer which makes conjugate with anionic DNA/siRNA. Kong et al. found that PEI-Cholesterol modifed SWNTs/pDNA was uptaken by cancer cells through caveolae-dependent pathway. Under NIR laser irradiation, the carbon nanotubes exhibited a photothermal conversion which promoted DNA release. This effect led to more apoptosis and necrosis of treated cells and higher tumor growth inhibition in comparison with the control groups [106] .
Photoisomerization
Photoisomerization is the introduction of a molecular structure change between isomers due to photoexcitation. In gene delivery, reversible isomerization can lead to stabilization/destabilization of gene delivery system and therefore can be applied in photo-remotely triggered gene release. Azobenzene derivatives, for instance, are composed of two phenyl groups connected by N_N linkage which undergoes transition from trans to cis conformation upon UV light irradiation (300-400 nm). The transition process is reversed upon exposure to light irradiation at longer wavelength (above 400 nm) [120] . Based on this mechanism, photoresponsive catanionic vesicles composed of azobenzene trimethylammonium bromide cationic surfactant, anionic surfactant and EGFP DNA were prepared by Liu et al. In trans conformation, the cationic azobenzene-containing surfactants are relatively hydrophobic and self-assemble into vesicles which can establish stable complexes with DNA. Upon exposure to 350 nm UV light, the surfactants were converted into the relatively hydrophilic cis conformation, which destabilized the vesicles leading to DNA release. For cell transfection, UV irradiation exposure following endocytosis led to significant enhancement in the transfection efficiencies. Moreover, the authors also indicated that the structure and concentration of cationic and anionic surfactants were important parameters for the vesicles to make complexes with DNA and to be internalized by endocytosis [107] .
Hypothermia triggered release
As mentioned in Part 3 and Part 4, thermosensitive materials can be used for remote-triggered release of NA. Besides release by hyperthermia, gene release by hypothermia can be developed based on a treatment called "cold-shock" (Fig. 4) . In this strategy, thermosensitive polymers with LCST of lower than body temperature are employed. At temperature above LCST, they are collapsed so they form dense NPs which can encapsulate or complex with NA. When the temperature is reduced to lower than LCST, they are soluble in water and therefore increase the distance between core and shell, or increase the volume of particles leading to endosomal escape. PNIPAAm has been widely used thanks to its thermosensitive properties. To prolong circulation time, it was PEGylated. Yang et al. used PEG-PNIPAAm and 3β [N-(N′, N′-dimethylaminoethane)-carbamoyl] cholesterol to encapsulate siRNA at high encapsulation efficacy. At 37°C, the complex size was about 200 nm with a spherical shape. When the temperature was below LCST, the polymer became water soluble and started to dissociate from the surface. In vitro release of siRNA was significant enhanced after treated by a 15 min cold shock at 4°C. About 2.2 folds higher siRNA release after 7 days in cold-shock treated group was obtained compared to the control group. Moreover, a cold shock also significantly enhanced luciferase silencing efficiency [121] .
The thermoresponsive conformation changes under cold-shock have also been developed for endosomal escape. By using pluronic/ poly(ethylenimine) Lee et al. prepared thermally reversible volume expansion nanocapsules which are at collapse state and positively charged at 37°C. SiRNA was conjugated on the surface of nanocapsules through electrostatic interaction. Immediately after endocytosis, a cold-shock treatment was applied. When the temperature was below LCST, the nanocapsules went through rapid volume expansion leading to endosomal membrane eruption. Gene silencing was greatly enhanced after a brief cold-shock treatment at 15°C [122] .
In fact, the cold-shock treatment seems to be efficient in vitro or ex vivo cell therapy, however, it is not easy to apply to practical in vivo and clinical uses. One possible application of hypothermia-triggered gene release is in cell based delivery. In this protocol, cells derived from human (stem cells, for example) could be treated with a brief cold shock after gene transfection. Then the modified cells are multiplied in vitro and readministrated to the patients.
Conclusion, challenges and perspectives
Mild Hyperthermia or therapeutic hyperthermia (40-42°C) is already used in clinic to treat cancer, in particular peritoneal metastases using heated perfused chemotherapy, or hepatic metastases using radiofrequency. Combination therapy of hyperthermia with radiation therapy is currently being investigated in a phase I/II for soft tissue carcinoma of the limbs with a compatible magnetic field.
Magnetic resonance-guided focused ultrasound (MRg-FU) is also being investigated for the thermal treatment of cancer. In this technique, a transducer is specially designed to focus a beam of low intensity ultrasound energy at a specific target site in the body. Therapeutic hyperthermia is provided into a small volume by the focused ultrasound, while MR is used to provide real-time thermal mapping and delineate the tumor. The feasibility was proposed for soft tissue carcinomas, but unfortunately was withdrawn (Clinical trial NCT03007771). Interestingly, a first pilot study in rectal cancer was recently proposed (Clinical trial NCT02528175) to evaluate the feasibility in this cancer. Association of MR-HIFU with Doxil (liposomal doxorubicin) is also evaluated in phase I clinical trial for its safety for the treatment of pediatric and young adult patients with recurrent and refractory solid tumors (ClinicalTrial NCT02557854).
Iron oxide NPs and microbubbles have been used in clinic as imaging agents for cancer diagnosis. Magnetic thermoablation has also been proposed in a phase O to men with prostate cancer. The safety and location of escalating doses of iron oxide injection without heat was evaluated (NCT02033447), unfortunately no results were posted. If the NPs would not reach surrounding tissues, the next step would be to design the proper instrument to activate the NPs. One can easily sense that the main issue is to conceive instruments which will provide hyperthermia without any toxicity for the tissues.
Hyperthermia by itself is being investigated in broader applications as it can be read above, however, only one application to release drugs from a carrier has reached clinical trials. ThermoDox® is a thermosensitive liposome containing doxorubicin. The company Celsion reached with ThermoDox® phase I/II in combination with microwave in treatment of breast cancer [123] , phase II as adjuvant therapy with thermal ablation (RFA) in colorectal cancer in the United States, and terminated a phase III in hepatocellular carcinoma with RFA in China. Among the main adverse effects, neutropenia and leukopenia were reported for 16.3 and 5.5% of the 354 people treated with liposome + RFA group as regard to 0% for sham + RFA. Feasibility of combining ultrasound-mediated hyperthermia with ThermoDox® was also shown [124] .
Apart from the delivery of small molecules, the combined approach of hyperthermia with NA delivery systems has not reached the step of clinical trial, although, from all these literature reports that have been described in this review, one can easily see the potential of this approach. NAs more than other any molecules suffer from degradation, need protection and cell transfer, but also require an additional help to be released effectively from its carrier which should deliver its payload from an optimal transfection efficiency. Drug delivery systems reported have shown efficient in vitro profile, but rather low in vivo efficiency in preclinical studies, in particular due to the low amount of NA delivered to the target site. Combining triggered delivery to these delivery systems gives a clear improvement as reported in the present review. As mentioned above, with the development of many fields of science recently, numerous drawbacks of external triggered NA delivery systems have been overcome. For example, the poor penetration depth of UV irradiation and the harmfulness of high laser power density were avoided by using photosensitizers that respond to higher wavelength irradiation or upconversion nanoparticles which can absorb two or more low energy photons (usually NIR) and convert them into a photon at higher energy (UV to visible region). Moreover, stability and passive targeting ability of microbubble can be enhanced by reducing its size from micro-size to nano-size (nanobubble) [125] . Meanwhile, coldshock triggered NAs release could be further studied in ex vivo cell therapy, for example, thanks to its very interesting properties.
Targeting capacity of NA delivery systems is always a big obstacle. Many strategies using targeting agents such as aptamer, peptide, antibodies, or small molecules have been developed. Furthermore, multitriggering strategy which combines external and internal stimuli responsive moieties can be applied for better specificity on tumor. The internal triggers are based on the difference between tumor tissue and normal tissue, therefore the cellular uptake and action of the system will be more specific on tumor cells. Cell internalization can also be enhanced by not only using cell-penetrating peptide but also uncaging the protecting groups (like PEG) or changing surface charge of the system at lower pH. Such kinds of delivery system were reported in the literature for drug delivery [126] [127] [128] [129] , and could also be promising for NA delivery.
Combination of multiple functional groups in one system should be an ideal strategy, work of Zhang et al. [96] is a good example. This system was composed of PEG -a stealth coating for prolonging circulation time, RGD -a tumor cell targeting peptide for tumor selectivity, and light responsive material. The unique of this system is that the action of each component is controlled at each stage. At first, PEG layer was expand to protect the system from opsonization during circulation time. When it reached tumor tissue, PEG layer was collapsed to present the targeting agent RGD. Finally, after internalization, both PEG and RGD were contracted to expose the active agent which then was triggered released under action of laser. Further studies on this kind of strategy should be explored and transferred to clinical trials.
The limited translation of stimulus triggering NA delivery system from preclinical to clinical trial can be explained by their complexity in largescale manufacture, reproducibility and quality control. The difficulty in upgrading the stimulus condition from in vitro experiment to clinical practice is also a big challenge. At least three parts should be improved in order to find the way to high NA expression. First, drug delivery systems should be designed to be good responders to the trigger. Second, equipment should be adapted to trigger drug delivery for preclinical and clinical studies. Last, crucial information are still missing on the level of energy required to deliver the NA. Cellular or/and nuclear membranes should be destabilized transiently without toxicity. The variation between patients must be examined to develop personalized triggered release NA delivery system. Moreover, when set up a clinical trial, patient compliance should be considered. Advances on these most important points will help gaining a step towards transfer of NA delivery systems.
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